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(54) Continuously switching buck-boost control

(57) A buck-boost converter comprises:

an inductance (101) having a first (103) and a second
(105) connection;

an electronic switch A configured to cause the first con-
nection (103) to the inductance to be controllably coupled
to an input voltage source (107);

an electronic switch B configured to cause the first con-
nection (103) to the inductance to be controllably coupled
to a ground (109);

an electronic switch C configured to cause the second
connection (105) to the inductance to be controllably cou-

pled to a ground (109);

an electronic switch D configured to cause the second
connection (105) to the inductance to be controllably cou-
pled to a load output (113);

a capacitance (115) configured to filter the load output
(113); and

a switch controller (117) configured to cause switch A,
B, C, & D to be open when, respectively, switch B, A, D,
and C is closed and to cause switches A, B, C, and/or D
to cyclically close such that switches B and C are closed
during at least one interval of each cycle during both buck
and boost modes of operation.
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Description
BACKGROUND
TECHNICAL FIELD

[0001] This disclosure relates to switching power sup-
plies, including buck-boost converters.

DESCRIPTION OF RELATED ART

[0002] Buck-boostconverters may be used to produce
a constant DC output voltage, notwithstanding a DC input
voltage which may be higher, lower, or equal to the output
voltage. They may operate inabuck mode, a boost mode,
and/or a buck-boost mode. The converter is considered
to be in a buck mode of operation when the input voltage
is higher than the output voltage, in a boost mode of op-
eration when the input voltage is lower than the output
voltage, and in a buck-boost mode of operation when the
input voltage is approximately the same as the output
voltage.

[0003] Buck-boost converters may include an induct-
ance having a first and a second connection. They may
alsoinclude four electronic switches: an electronic switch
A configured to cause the first connection to the induct-
ance to be controllably coupled to an input voltage
source; an electronic switch B configured to cause the
first connection to the inductance to be controllably cou-
pled to a ground; an electronic switch C configured to
cause the second connection to the inductance to be
controllably coupled to a ground; and an electronic switch
D configured to cause the second connection to the in-
ductance to be controllably coupled to aload output. They
may also include a capacitance configured to filter the
load output. They may also include a switch controller
configured to cause switches A, B, C, & D to operate in
a manner which controllably causes the converter to op-
erate in the buck, boost, and/or buck-boost mode of op-
eration:

[0004] Buck-boost converters may utilize two phase
AC-BD switching with a voltage mode control loop to set
the duty cycle (i.e. the point at which the AC phase is
switched to the BD phase). This approach may produce
almost any desired step-up or step-down voltage ratio.
However the inductor current that results may be much
larger than it needs to be to support any given load. This
may result in poor efficiency, since resistive losses may
increase dramatically and the deliverable output current
(for a given switch current limitation) may be greatly re-
duced.

[0005] Buck-boost converters may cause switches A
and C to close during one interval, switches A and D to
close during another interval, and switches B and D to
close during a still further interval. This approach may
use a dual, pulse-width modulated ("PWM") ramp as a
means of transitioning between the boost, buck-boost,
and buck modes of operation. However, this approach
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may result in perturbations to the operating state when
transitioning between these modes of operation.

SUMMARY

[0006] A buck-boost converter may include an induct-
ance having a first and a second connection. The con-
verter may also include an electronic switch A configured
to cause the first connection to the inductance to be con-
trollably coupled to an input voltage source; an electronic
switch B configured to cause the first connection to the
inductance to be controllably coupled to a ground; an
electronic switch C configured to cause the second con-
nection to the inductance to be controllably coupled to a
ground; and an electronic switch D configured to cause
the second connection to the inductance to be controlla-
bly coupled to a load output. The converter may also
include a capacitance configured to filter the load output.
The converter may also include a switch controller.
[0007] The switch controller may be configured to
cause switch A, B, C, & D to be open when, respectively,
switch B, A, D, and C is closed. The switch controller may
also cause switches A, B, C, and/or D to cyclically close
in accordance with one of the following patterns:

a first pattern during which:
during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

a second pattern during which:
during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and
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switches B and D are closed during a still
further interval of the cycle; and

during a buck-boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and are closed C during another
interval of the cycle;

switches A and D are closed during a still
further interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

a third pattern during which:
during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a buck-boost mode of operation:

switches B and C are closed during one in-
terval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
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further interval of the cycle.

[0008] The switch controller may be configured to
cause switches A, B, C, and/or D to cyclically close such
that switches B and C are closed during at least one
interval of each cycle during the buck, boost, and buck-
boost modes of operation.

[0009] The switch controller may be configured to
cause switches A, B, C, and/or D to cyclically close based
on a control signal such that switches A and D are closed
during an interval of each cycle and such that these in-
tervals are never both simultaneously modulated by a
small change in the control signal during of operation.
[0010] These, as well as other components, steps, fea-
tures, objects, benefits, and advantages, will now be-
come clear from a review of the following detailed de-
scription of illustrative embodiments, the accompanying
drawings, and the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0011] The drawings disclose illustrative embodi-
ments. They do not set forth all embodiments. Other em-
bodiments may be used in addition or instead. Details
that may be apparent or unnecessary may be omitted to
save space or for more effective illustration. Conversely,
some embodiments may be practiced without all of the
details that are disclosed. When the same numeral ap-
pears in different drawings, it refers to the same or like
components or steps.

[0012] FIG. 1illustrates components of a prior art buck-
boost converter.

[0013] FIGS. 2A-2C illustrate switch pin signals which
may be applied to the buck-boost converter illustrated in
FIG. 1. FIG. 2A illustrates switch pin signals which may
cause the converter to operate in a buck mode; FIG. 2B
illustrates switch pin signals which may cause the con-
verter to operate at a boundary between a buck and a
boost mode; and FIG. 2C illustrates switch pin signals
which may cause the converter to operate in a boost
mode.

[0014] FIGS. 3A-3C illustrate dual, non-overlapping
ramps which may be used to produce switch pin signals
which may be applied to the buck-boost converter illus-
trated in FIG. 1. FIG. 3A illustrates the ramps being used
to produce switch pin signals which may cause the con-
verter to operate in a buck mode; FIG. 3B illustrates the
ramps being used to produce switch pin signals which
may cause the converter to operate at a boundary be-
tween a buck and a boost mode; and FIG. 3C illustrates
the ramps being used to produce switch pin signals which
may cause the converter to operate in a boost mode.
[0015] FIGS. 4A-4C illustrate dual, overlapping ramps
which may be used to produce switch pin signals which
may be applied to the buck-boost converter illustrated in
FIG. 1. FIG. 4A illustrates the ramps being used to pro-
duce switch pin signals which may cause the converter
to operate in a buck mode; FIG. 4B illustrates the ramps
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being used to produce switch pin signals which may
cause the converter to operate in a buck-boost mode;
and FIG. 4C illustrates the ramps being used to produce
switch pin signals which may cause the converter to op-
erate in a boost mode.

[0016] FIGS. 5A-5C illustrate dual, non-overlapping
ramps with a dead band between which may be used to
produce switch pin signals which may be applied to the
buck-boost converter illustrated in FIG. 1. FIG. 5A illus-
trates the ramps being used to produce switch pin signals
which may cause the converter to operate in a buck
mode; .FIG. 5B illustrates the ramps being used to pro-
duce switch pin signals which may cause the converter
to operate at a boundary between a buck and a boost
mode; and FIG. 5C illustrates the ramps being used to
produce switch pin signals which may cause the convert-
er to operate in a boost mode.

[0017] FIG. 6 illustrates a buck-boost converter with a
boost capacitor associated with each connection to the
inductor and which is configured to charge each boost
capacitor when switches B and C are closed.

[0018] FIG. 7 illustrates a buck-boost converter which
includes a voltage mode control loop configured to gen-
erate a control signal.

[0019] FIG. 8 illustrates a buck-boost converter which
includes a current mode control loop configured to gen-
erate a control signal.

DETAILED DESCRIPTION OF ILLUSTRATIVE EM-
BODIMENTS

[0020] lllustrative embodiments are now discussed.
Other embodiments may be used in addition or instead.
Details that may be apparent or unnecessary may be
omitted to save space or for a more effective presenta-
tion. Conversely, some embodiments may be practiced
without all of the details that are disclosed.

[0021] FIG. 1illustrates components of a prior art buck-
boost converter. Such a converter may include an induct-
ance 101 having a first connection 103 and a second
connection 105. The inductance 101 may be provided
by any type of inductor or set of inductors in any arrange-
ment.

[0022] The converter may also include an electronic
switch A configured to cause the first connection 103 to
the inductance to be controllably coupled to an input volt-
age source 107; an electronic switch B configured to
cause the first connection 103 to the inductance to be
controllably coupled to a ground 109; an electronic switch
C configured to cause the second connection 105 to the
inductance to be controllably coupled to a ground 111;
and an electronic switch D configured to cause the sec-
ond connection to the inductance to be controllably cou-
pled to a load output 113. Each switch may include one
or more FETs, MOSFETSs, BJTs, IGBTSs, diodes, or any
combination of these. Single N-channel MOSFETSs are
illustrated in FIG. 1 for switches A, B, C, & D merely as
an example.
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[0023] The word "coupling" as used throughout this
disclosure embraces both a direct coupling with no as-
sociated components and an indirect coupling that may
involve associated components, such as an intervening
current sensing resistance or current sensing transform-
er.

[0024] The converter may include a capacitance 115
configured to filter the load output 113. The capacitance
115 may include one or more capacitors connected in
any configuration and in any way in the circuit which ef-
fectuates filtering of the load output 113. Other filtering
components may additionally be used.

[0025] The converter may include a switching control-
ler configured to control the states of the switches A, B,
C, & D. The switching controller may be configured to
cause switch A, B, C, & D to be open when, respectively,
switch B, A, D, and C is closed. This may result in only
two composite switching states, indicated in Fig. 1 and
throughout this disclosure as switch pins signals SW1
and SW2.

[0026] The switching controller may be configured to
regulate the switch pin signals SW1 and SW2 so as to
cause the converter to operate in different modes and,
within each mode, with different lengths of on-time for
each of switches A, B, C, and D. The switching controller
may be configured to exercise this control based on a
control signal. The switching controller may be config-
ured to regulate each of the switches A, B, C, D, by pro-
ducing pulse-width modulated ("PWM") signals that are
based on the control signal. The switching controller may
include circuitry components configured to produce such
PWM signals consistent with one or more of the timing
schemes disclosed herein. The switching controller may
in addition or instead include computer software with al-
gorithms configured to generate such timings and asso-
ciated computer hardware, such as one or more data
storage devices, processors, and input-output devices.
[0027] FIGS. 2A-2C illustrate switch pin signals which
may be applied to the buck-boost converter illustrated in
FIG. 1. FIG. 2A illustrates switch pin signals which may
cause the converter to operate in a buck mode; FIG. 2B
illustrates switch pin signals which may cause the con-
verter to operate at a boundary between a buck and a
boost mode; and FIG. 2C illustrates switch pin signals
which may cause the converter to operate in a boost
mode. These switch pin signals may be generated by the
switching controller.

[0028] The switch pin operational modes are shown in
FIGS. 2A-2C as well as in FIGS. 3A-3C, 4A-4C, and 5A-
5C by stating the letter of each switch which is on during
the indicated interval, it being understood that the switch
letters which do not appear are open during this period.
Thus, for example, the designation "BC" in FIG. 2A
means that switches B and C are on during the indicated
interval while switches A and D are off.

[0029] As illustrated in FIGS. 2A-2C, each switching
cycle may be initiated by turning both switches B and C
on. This may force SW1 and SW2 to be low for the du-
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ration of this interval.

[0030] The buck-boost converter may be configured
with charge pump capacitors which may be attached to
pins SW1 and SW2 as illustrated in FIG. 6. During this
initial BC interval, both switch pins SW1 and SW2 may
be low, which may cause these charge pump capacitors
to charge. These charge pump capacitors may then be
used to power high-side NMOS gate drivers which may
be used for switches A and D.

[0031] The BC interval may be of any length. It may
be made short, such as between 50 and 100 ns, so as
to have a relatively minor impact on the dynamics and
efficiency of the converter because, to a first order ap-
proximation, the inductor current may simply be held con-
stant for the extent of the BC interval. (Note that the BC
interval is exaggerated in the drawings for illustrative pur-
poses. In actual implementations, it may be on the order
of 10% of the switching period or shorter.)

[0032] As anexample, Vin may be high (e.g. 40V) and
the timing of the switches A, B, C, and D may be set so
as to cause Vout to be relatively fixed at a lower voltage
(e.g. 10V). In this case, the converter may be said to
operate in a buck mode, as illustrated in FIG. 2A. SW1
may be high for only a very short period during each
cycle, while SW2 may be high for the entire cycle, except
for the brief BC phase when it may be forced low at the
start of each cycle.

[0033] Vin may then be gradually reduced, with Vout
held constant (i.e. in regulation). As Vin is decreased,
the SW2 waveform may remain the same, but the SW1
falling edge may gradually move later in the switching
cycle, as shown by an arrow 201 in FIG. 2A. As a result,
the AD phase may be extended and the BD phase may
be proportionately reduced. This may cause the effective
buck duty cycle to increase. When Vin is reduced to the
point that it is equal to Vout, the SW1 falling edge may
extend out to the end of the switching cycle and both
switch pin waveforms may be identical, as shown in FIG.
2B. This may define a theoretical but for all practical pur-
poses a non-existent boundary between a buck and a
boost mode of operation, as will now be explained.
[0034] As Vin is reduced below Vout, the converter
may enter a boost mode, as shown in FIG. 2C. During
this mode, the rising edge of SW2 may gradually move
later in the switching period, as illustrated by an arrow
203. In the boost mode, the SW1 waveform may remain
high for the entire interval, except for the brief BC phase
where it is forced low at the start of each cycle, as illus-
trated in F|g. 2C. Each switch pin may therefore have a
finite low time and finite high time during every switch
cycle. As a result, no new switch states may be phased
in as the converter switches across all operational
modes. The transition from buck to boost mode may
therefore be smooth and free of perturbations.

Dual Ramp PWM with No Buck-Boost Region

[0035] FIGS. 3A-3C illustrate dual, non-overlapping
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ramps which may be used to produce switch pin signals
which may be applied to the buck-boost converter illus-
trated in FIG. 1. FIG. 3A illustrates the ramps being used
to produce switch pin signals which may cause the con-
verter to operate in a buck mode; FIG. 3B illustrates the
ramps being used to produce switch pin signals which
may cause the converter to operate at a boundary be-
tween a buck and a boost mode; and Fig. 3C illustrates
the ramps being used to produce switch pin signals which
may cause the converter to operate in a boost mode.
These switch pin signals may be generated by the switch-
ing controller.

[0036] As illustrated in FIGS. 3A-3C, one switching
pattern which the switch controller may generate may
utilize PWM ramps 301 and 303. These ramps may be
synchronous with no voltage overlap between. The high-
er-voltage level ramp 301 may be initiated at the highest
voltage level which is reached by the lower voltage ramp
303. Two comparators may be utilized, one for controlling
each of the switch pins. One comparator may monitor
the lower ramp 303 and force SW1 low when the lower
ramp exceeds a reference control signal Vc, while the
other comparator may monitor the upper ramp 301 and
force SW2 high when the upper ramp exceeds Vc. Inde-
pendent of the state of the comparators, SW1 and SW2
may both be forced low for the initial BC interval. lllustra-
tive circuitry which may be used in the switch controller
to generate such ramps and compare V. to them is de-
scribed in U.S. Patents 6,404,251 and 6,166,527 which
are incorporated herein by reference.

[0037] At high step down ratios, Vc may be near zero
and the converter may operate in buck mode with SW1
high for a short duration and SW2 high for most of the
switching cycle. As Vc increases, the duty cycle of SW1
may increase as well. If Vc is increased to the midpoint
between the ramps, as illustrated in FIG. 3B, both switch
pins may receive the same waveform. At this point, there
may be no effective change in inductor current over the
switching cycle. As Vc is increased further, the converter
may enter a boost mode and SW1 may remain high for
the entire cycle, except for the brief forced BC interval,
while the low-time of SW2 may be modulated by Vc, as
illustrated in F|5. 3C. As Vc increases, the low time of
SW2 may increase as well. This low time may be limited
by a fixed maximum duty cycle.

Dual Ramp PWM with Overlapping Upper and Lower
Ramps

[0038] FIG. 4A-4C illustrate dual, overlapping ramps
which may be used to produce switch pin signals which
may be applied to the buck-boost converter illustrated in
FIG. 1. FIG. 4A illustrates the ramps being used to pro-
duce switch pin signals which may cause the converter
to operate in a buck mode; FIG. 4B illustrates the ramps
being used to produce switch pin signals which may
cause the converter to operate in a buck-boost mode;
and FIG. 4C illustrates the ramps being used to produce
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switch pin signals which may cause the converter to op-
erate in a boost mode. These switch pin signals may be
generated by the switching controller.

[0039] Asillustratedin FIGS. 4A-4C, another switching
pattern which the switch controller may generate may
utilize overlapping PWM ramps 401 and 403. These may
be comparable to PWM ramps 301 and 303, except that
they may overlap, as illustrated in FIGS. 4A-4C, while
maintaining a forced BC interval. This may create a re-
gion of buck-boost operation in which the SW1 and SW2
edges are simultaneously modulated, as illustrated in
FIG. 4B. In the buck-boost mode, as the AC interval in-
creases in duration, the BD interval may decrease by the
same amount. As illustrated, there may be a fixed BC
interval and the switches may transition every cycle, in-
dependent of operational mode.

[0040] The small-signal PWM gain in this mode of op-
eration may be much higher than the gain in other types
of buck-boost converters under similar operating condi-
tions. This may make it difficult to compensate the net-
work to optimize the transient response across opera-
tional modes.

Dual Ramp PWM With Intentional Dead Band

[0041] FIGS. 5A-5C illustrate dual, non-overlapping
ramps with a dead band between which may be used to
produce switch pin signals which may be applied to the
buck-boost converter illustrated in FIG. 1. FIG. 5A illus-
trates the ramps being used to produce switch pin signals
which may cause the converter to operate in a buck
mode; FIG. 5B illustrates the ramps being used to pro-
duce switch pin signals which may cause the converter
to operate at a boundary between a buck and a boost
mode; and F,g. 5C illustrates the ramps being used to
produce switch pin signals which may cause the convert-
er to operate in a boost mode. These switch pin signals
may be generated by the switching controller.

[0042] As illustrated in FIGS. 5A, another switching
pattern which the switch controller may generate may
utilize non-overlapping PWM ramps 501 and 503 with a
dead band between them. These may be comparable to
PWM ramps 301 and 303, except that there may be a
dead band between them.

[0043] In physical implementations, it may be impos-
sible to attain upper and lower ramps that have exactly
zero vertical separation. This may be due to mismatches
in components used to generate the upper and lower
ramps, as well as internal random offsets in the upper
and lower comparators. Therefore, to ensure against a
buck-boost region (i.e. when the SW1 and SW2 edges
are simultaneously modulated), the upper ramp 501 and
the lower ramp 503 may have a small dead band be-
tween. The separation may be sized so that it is large
enough to maintain separation between the upper ramp
501 and the lower ramp 503, notwithstanding worst case
random offsets.

[0044] This alternate switching pattern may operate
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similarly to the one illustrated in FIGS. 3A-3C, except that
there may be a small dead band which may cause a
range of Vc over which the switch waveforms may not
change. As long as this dead band is kept small, it may
have little impact on the performance of the converter.
[0045] The switching patterns which have been de-
scribed may have a forced BC interval which may ensure
that both switches are low for a portion of every switching
cycle. This may result in a continuously switching archi-
tecture whereby both switch pins transition on every
switching period. No new switch state need be intro-
duced. The minimum switch on-time at the introduction
of these switch states may result in a substantial reduc-
tion in switch pin "jitter" and ininductor current and output
voltage ripple at the mode transition boundaries.

[0046] The switching patterns illustrated in FIGS. 3A-
3C and 5A-5C may also eliminate the buck-boost region
of operation. The buck-boost region of operation may
have a much higher small signal PWM gain then the buck
mode and boost mode gains under similar operating con-
ditions. As a result, elimination of the high gain buck-
boost region may make loop compensation easier and
may allow the transient response to be optimized across
all operational modes. As a result, rather than having
three regions of operation (buck, buck-boost, and boost),
the switching patterns illustrated in FIGS. 3A-3C and 5A-
5C may have only a buck and boost region of operation,
while still maintaining the ability to operate with arbitrary
input and output voltages. In buck mode, only the SW1
edge may be modulated, while in the boost mode, only
the SW2 edge may be modulated. There may be no buck-
boost region where both the SW1 and SW2 edges are
simultaneously modulated.

[0047] As aconsequence of this design, the gain may
be significantly higher in the buck-boost region, and elim-
inating this region may make the gain similar to the gain
in the buck and the boost mode.

[0048] By way of overview, the switching patterns
which have been described in connection with FIGS. 3A-
3C and 5A-5C may substantially eliminate mode transi-
tion perturbations and remove the high gain buck-boost
operational mode, while providing seamless functionality
with output voltages above, equal, or below the input volt-
age. The switching patternillustrated in FIGS. 4A-4C may
provide similar benefits, but may have a buck-boost op-
erational mode. The features of these approaches may
include:

@ Continuously Switching Architecture— On every
switch cycle, both switch pins may spend some du-
ration in both the low and high state independent of
operational mode. As the operational mode chang-
es, the duration of the switch states may vary, but
no new switch states may be phased in under any
case. This may eliminate the perturbations associ-
ated with phasing in new switch states and produce
seamless mode transitions.
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@® Forced Minimum Low Times on SW1, SW2—Both
of the switch pins may be simultaneously forced low
for some minimum duration on every cycle. This may
facilitate the charging of flying capacitors used to
power high side NMOS drivers for switches A and D.

@® No Buck-Boost Mode of Operation— The buck-
boost region of operation (characterized by simulta-
neous modulation of the AC and BD intervals) may
be eliminated in connection with the switching pat-
terns illustrated in FIGS 3A-3C and 5A-5C. Instead,
the converter may have only two operational modes:
buck and boost. The DC gain of the PWM in buck-
boost operation may be much higher than in buck or
boost mode and therefore, elimination of this mode
of operation may simplify compensation of the con-
verter and optimize the transient response across
operational modes.

[0049] FIG. 6 illustrates a buck-boost converter with a
boost capacitor associated with each connection to the
inductor (boost capacitors C1 and C2) and which is con-
figured to charge each boost capacitor when switches B
and C are closed. Different configurations may be used
instead.

[0050] FIG. 7 illustrates a buck-boost converter which
includes a voltage mode control loop configured to gen-
erate a control signal. The switch controller 1001 may
use pulse width modulation, as described above. Differ-
ent configurations may be used instead.

[0051] FIG. 8 illustrates a buck-boost converter which
includes a current mode control loop configured to gen-
erate a control signal. The switch controller 1101 may
use pulse width modulation, as described above. Differ-
ent configurations may be used instead.

[0052] The components, steps, features, objects, ben-
efits and advantages that have been discussed are mere-
ly illustrative. None of them, nor the discussions relating
to them, are intended to limit the scope of protection in
any way. Numerous other embodiments are also con-
templated. These include embodiments that have fewer,
additional, and/or different components, steps, features,
objects, benefits and advantages. These also include
embodiments in which the components and/or steps are
arranged and/or ordered differently.

[0053] For example, the order of the switch phases
may be altered from what is illustrated in FIGS. 3A-3C,
FIGS. 4A-4C, and FIGS. 5A-5C. This may simplify gen-
eration of the PWM signals. Additional power switches
may couple thefirstterminal of the inductance to alternate
input power sources. Such additional power switches
may be controlled in a similar fashion as switch A, but
may provide operation from additional power sources.
Current sensing elements may be added in series with
any current carrying path in Fig. 1, such as in series with
either terminal of the inductance, or any terminal of the
switches A-D. Such current sensing may be performed
as part of the control loop, for example in an average
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current mode control loop, or may be performed for other
reasons, such as monitoring or for currentlimit protection.
The buck-boost converter of FIG. 1 operating with the
control signals of FIGS. 3A-3C, FIGS. 4A-4C, and FIGS.
5A-5C may be used in a voltage mode control loop, as
in FIG. 7, or an average current mode control loop as
shown in FIG. 8 in order to regulate the load output, Vout.
Additionally, the buck-boost converter of FIG. 1 operating
under the same control signals may also be used with
many other control schemes, for example, hysteretic volt-
age mode control. In addition to sensing the voltage of
the load output as shown in FIG. 7, the control loop may
also sense other circuit aspects including but not limited
to the voltage of the input power source, Vin, and the
current in any of the switch elements. Furthermore, in-
stead of regulating the load output, Vout, the buck-boost
converter of FIG. 1 operating with the control signals of
FIGS. 3A-3C, FIGS. 4A-4C, and FIGS. 5A-5C may also
be used inside a control loop that may instead regulate
the current into the load output or may regulate the input
current from the input power source.

[0054] Unless otherwise stated, all measurements,
values, ratings, positions, magnitudes, sizes, and other
specifications that are set forth in this specification, in-
cluding in the claims that follow, are approximate, not
exact. They are intended to have areasonable range that
is consistent with the functions to which they relate and
with what is customary in the art to which they pertain.
[0055] All articles, patents, patent applications, and
other publications which have been cited in this disclo-
sure are hereby incorporated herein by reference.
[0056] The phrase "means for" when used in a claim
is intended to and should be interpreted to embrace the
corresponding structures and materials that have been
described and their equivalents. Similarly, the phrase
"step for" when used in a claim is intended to and should
be interpreted to embrace the corresponding acts that
have been described and their equivalents. The absence
of these phrases in a claim mean that the claim is not
intended to and should not be interpreted to be limited
to any of the corresponding structures, materials, or acts
or to their equivalents.

[0057] Nothing that has been stated or illustrated is
intended or should be interpreted to cause a dedication
of any component, step, feature, object, benefit, advan-
tage, or equivalent to the public, regardless of whether
it is recited in the claims.

[0058] The scope of protection is limited solely by the
claims that now follow. That scope is intended and should
be interpreted to be as broad as is consistent with the
ordinary meaning of the language that is used in the
claims when interpreted in light of this specification and
the prosecution history that follows and to encompass all
structural and functional equivalents.

[0059] Inthefollowing, furtherfeatures, characteristics
and advantages of the invention will be described by
means of items:
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Item 1. A buck-boost converter comprising:

an inductance having a first and a second con-
nection;

an electronic switch A configured to cause the
first connection to the inductance to be control-
lably coupled to an input voltage source;

an electronic switch B configured to cause the
first connection to the inductance to be control-
lably coupled to a ground;

an electronic switch C configured to cause the
second connection to the inductance to be cou-
pled to a ground;

an electronic switch D configured to cause the
second connection to the inductance to be cou-
pled to a load output;

a capacitance configured tofilter the load output;
and

a switch controller configured to cause switch
A, B, C, & D to be open when, respectively,
switch B, A, D, and C is closed and to cause
switches A, B, C, and/or D to cyclically close in
accordance with one of the following patterns:
a first pattern during which:

during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

a second pattern during which:

during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a buck-boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and are closed C during another
interval of the cycle;
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switches A and D are closed during a still
further interval of the cycle; and
switches B and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

a third pattern during which:

during a buck mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and D are closed during another
interval of the cycle; and

switches B and D are closed during a still
further interval of the cycle; and

during a buck-boost mode of operation:

switches B and C are closed during one in-
terval of the cycle; and

switches A and D are closed during a still
further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one in-
terval of the cycle;

switches A and C are closed during another
interval of the cycle; and

switches A and D are closed during a still
further interval of the cycle.

Item 2. The buck-boost converter of item 1 wherein
the switch controller is configured to cyclically close
switches A, B, C, and/or D in accordance with the
first pattern and/or wherein the switch controller is
configuredto cyclically close switches A, B, C, and/or
D in accordance with the second pattern and/or
wherein the switch controller is configured to cycli-
cally close switches A, B, C, and/or D in accordance
with the third pattern.

Item 3. The buck-boost converter of item 1 or 2
wherein the cyclic closure is periodic.

Item 4. The buck-boost converter of any one of the
preceding items wherein the mode of operation and
the duration of each switch closure is governed by
a control signal.
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Item 5. The buck-boost converter of any one of the
preceding items wherein the switch controller is con-
figured to cause changes in mode of operation and
the duration of each switch closure to smoothly track
changes in the control signal.

Item 6. The buck-boost converter of any one of the
preceding items wherein the control signal is based
on the voltage at the load output or wherein the con-
trol signal is based on the voltage of the input voltage
source.

Item 7. The buck-boost converter of any one of the
preceding items further comprising a voltage mode
control loop configured to generate the control signal
or

further comprising an average current mode control
loop configured to generate the control signal.

Item 8. The buck-boost converter of any one of the
preceding items wherein the switch controller is con-
figured to cause the duration of the closures of
switches B and C to be substantially constant, not-
withstanding changes in the control signal or
wherein the switch controller is configured to cause
the duration of the closures of switches B and C to
be substantially constant, notwithstanding changes
in the frequency of the cycle or

wherein the switch controller is configured to cause
the duration of the closures of switches B and C to
vary as a function of the frequency of the cycle.

Item 9. The buck-boost converter of any one of the
preceding items wherein each cycle during each
mode consists of only the intervals which are recited
in item 1.

Item 10. The buck-boost converter of any one of the
preceding items further comprising a boost capacitor
associated with the each connection to the inductor
and wherein the circuit is configured to charge each
boost capacitor when switches B and C are closed.

Item 11. The buck-boost converter of any one of the
preceding items wherein the switches B and C are
rectifying devices such as, but not limited to, junction
diodes.

Item 12. The buck-boost converter of any one of the
preceding items wherein each of the patterns in-
cludes an additional mode of operation which is dif-
ferent from the other modes of operation for that pat-
tern.

Item 13. The buck-boost converter of item 12 where-
in the additional mode of operation for each pattern
includes keeping switch B closed throughout the en-
tire cycle.
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Item 14. A buck-boost converter comprising:

an inductance having a first and a second con-
nection;

an electronic switch A configured to cause the
first connection to the inductance to be control-
lably coupled to an input voltage source;

an electronic switch B configured to cause the
first connection to the inductance to be control-
lably coupled to a ground;

an electronic switch C configured to cause the
second connection to the inductance to be con-
trollably coupled to a ground;

an electronic switch D configured to cause the
second connection to the inductance to be con-
trollably coupled to a load output;

a capacitance configured to filter the load output;
and

a switch controller configured to cause switch
A, B, C, & D to be open when, respectively,
switch B, A, D, and C is closed and to cause
switches A, B, C, and/or D to cyclically close
such that switches B and C are closed during at
least one interval of each cycle during both the
buck and boost modes of operation.

Iltem 15. A buck-boost converter comprising:

an inductance having a first and a second con-
nection;

an electronic switch A configured to cause the
first connection to the inductance to be control-
lably coupled to an input voltage source;

an electronic switch B configured to cause the
first connection to the inductance to be control-
lably coupled to a ground;

an electronic switch C configured to cause the
second connection to the inductance to be con-
trollably coupled to a ground;

an electronic switch D configured to cause the
second connection to the inductance to be con-
trollably coupled to a load output;

a capacitance configured tofilter the load output;
and

a switch controller configured to cause switch
A, B, C, & Dtobe openwhenrespectively, switch
B, A, D, and C is closed and to cause switches
A, B, C, and/or D to cyclically close based on a
control signal such that switches A and D are
closed during an interval of each cycle and such
that these intervals are never both simultane-
ously modulated by a small change in the control
signal during any mode of operation.

Claims

1.

A buck-boost converter comprising:
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an inductance having a first and a second con-
nection;

an electronic switch A configured to cause the
first connection to the inductance to be control-
lably coupled to an input voltage source;

an electronic switch B configured to cause the
first connection to the inductance to be control-
lably coupled to a ground;

an electronic switch C configured to cause the
second connection to the inductance to be con-
trollably coupled to a ground;

an electronic switch D configured to cause the
second connection to the inductance to be con-
trollably coupled to a load output;

a capacitance configured tofilter the load output;
and

a switch controller configured to cause switch
A, B, C, & D to be open when, respectively,
switch B, A, D, and C is closed and to cause
switches A, B, C, and/or D to cyclically close
such that switches B and C are closed during at
least one interval of each cycle during both buck
and boost modes of operation.

The buck-boost converter of claim 1 wherein

the switch controller is configured to cause switches
A, B, C, and/or D to cyclically close in accordance
with one of the following patterns:

a first pattern during which:
during a buck mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and D are closed during an-
other interval of the cycle; and
switches B and D are closed during a
still further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and C are closed during an-
other interval of the cycle; and
switches A and D are closed during a
still further interval of the cycle; and a
second pattern during which:

during a buck mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and D are closed during an-
other interval of the cycle; and
switches B and D are closed during a
still further interval of the cycle; and
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during a buck-boost mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and are closed C during an-
other interval of the cycle;

switches A and D are closed during a
still further interval of the cycle; and
switches B and D are closed during a
still further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and C are closed during an-
other interval of the cycle; and
switches A and D are closed during a
still further interval of the cycle; and a
third pattern during which:

during a buck mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and D are closed during an-
other interval of the cycle; and
switches B and D are closed during a
still further interval of the cycle; and

during a buck-boost mode of operation:

switches B and C are closed during one
interval of the cycle; and

switches A and D are closed during a
still further interval of the cycle; and

during a boost mode of operation:

switches B and C are closed during one
interval of the cycle;

switches A and C are closed during an-
other interval of the cycle; and
switches A and D are closed during a
still further interval of the cycle.

The buck-boost converter of claim 2 wherein the
switch controller is configured to cyclically close
switches A, B, C, and/or D in accordance with the
first pattern and/or wherein the switch controller is
configuredto cyclically close switches A, B, C, and/or
D in accordance with the second pattern and/or
wherein the switch controller is configured to cycli-
cally close switches A, B, C, and/or D in accordance
with the third pattern.

The buck-boost converter of claim 2 or 3 wherein the
cyclic closure is periodic.
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The buck-boost converter of any one of the proceed-
ing claims wherein the mode of operation and the
duration of each switch closure is governed by a con-
trol signal.

The buck-boost converter of any one of the proceed-
ing claims wherein the switch controller is configured
to cause changes in mode of operation and the du-
ration of each switch closure to smoothly track
changes in the control signal.

The buck-boost converter of any one of the proceed-
ing claims wherein the control signal is based on the
voltage at the load output or wherein the control sig-
nal is based on the voltage of the input voltage
source.

The buck-boost converter of any one of the proceed-
ing claims further comprising a voltage mode control
loop configured to generate the control signal or fur-
ther comprising an average current mode control
loop configured to generate the control signal.

The buck-boost converter of any one of the proceed-
ing claims wherein the switch controller is configured
to cause the duration of the closures of switches B
and C to be substantially constant, notwithstanding
changes in the control signal, or wherein the switch
controller is configured to cause the duration of the
closures of switches B and C to be substantially con-
stant, notwithstanding changes in the frequency of
the cycle, or wherein the switch controller is config-
ured to cause the duration of the closures of switches
B and C to vary as a function of the frequency of the
cycle.

The buck-boost converter of any one of the proceed-
ing claims wherein each cycle during each mode
consists of only the intervals which are recited in
claim 2.

The buck-boost converter of any one of the proceed-
ing claims further comprising a boost capacitor as-
sociated with the each connection to the inductor
and wherein the circuit is configured to charge each
boost capacitor when switches B and C are closed.

The buck-boost converter of any one of the proceed-
ing claims wherein the switches B and C are rectify-
ing devices such as, but not limited to, junction di-
odes.

The buck-boost converter of any one of the proceed-
ing claims wherein each of the patterns includes an
additional mode of operation which is different from
the other modes of operation for that pattern.

The buck-boost converter of claim 13 wherein the
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15.

20

additional mode of operation for each pattern in-
cludes keeping switch B closed throughout the entire
cycle.

The buck-boost converter of claim 1 wherein the
switch controller is configured to cause switches A
and D to be closed during an interval of each cycle
and such that these intervals are never both simul-
taneously modulated by a small change in the control
signal during any mode of operation.
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